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(57) Abstract 



A delay lock loop uses a clock phase shifter with a delay line to synchronize a reference clock signal witfi a skewed clock signal. 
The delay line is coupled to a rcfeience input teiminal of the delay lock loop and generates a delayed clock signal that is provided to the 
clock phase shifter. The clock phase shifter generates dnc or more phase-shifted clock signals from the delayed clock signal. An ou^ut 
generator coupled to the delay line, the clock phase shifter, and an output terminal of the delay lock loop provides either the delayed clock 
signal or one of the phase-shifted clock signals as an output clock signal of the delayed lock loop. The propagation delay of the delay line 
is set to synchronize the reference clock signal with the skewed clock signal, which is xeceived on a feedback input terminal of the delay 
lock loop. A phase detector compares the rtference clock signal and the skewed clock signal to determine the approiviate propagation delay 
for the delay line. . 
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DELAY LOCK LOOP WITH CLOCK PHASE SHIFTER 



FIELD OF THE INVENTION 

The present invention relates to delay lock loops 
(DLLs) for digital electronics. More specifically, the 
present invention relates to DLLs capable of locking clock 
signals over a wide frequency range. 

BACKGROUND OF THE INVENTION 

Synchronous digital systems, including board level 
systems and chip level systems, rely on one or more clock 
signals to synchronize elements across the system. 
Typically, one or more clock signals are distributed across 
the system on one or more clock lines. However, due to 
various problems such as clock buffer delays, high 
capacitance of heavily loaded clock lines, and propagation 
delays, the rising edges of a clock signal in different 
parts of the system may not be synchronized. The time 
difference between a rising (or falling) edge in one part of 
the system with the corresponding rising (or falling) edge 
in another part of the system is referred to as "clock 
skew' . 

Clock skew can cause digital systems to malfunction. 
For example, it is common for circuits in digital systems to 
have a first flip-flop output driving a second flip-flop 
input. With a synchronized clock on the clock input of both 
flip-flops, the data in the first flip-flop is successfully 
clocked into the second flip-flop. However, if the active 
edge on the second flip flop is delayed by clock skew, the 
second f lip-*flop might not capture the data from the first 
flip-flop before the first flip-flop changes state. 

Delay lock loops cure used in digital systems to 
minimize clock skew. Delay lock loops typically use delay 
elements to synchronize the active edges of a reference 
clock signal in one part of the system with a feedback clock 
signal from a second part of the system. Figure 1 shows a 
block diagram of a conventional delay lock loop 100 coupled 
to logic circuits 190. Delay lock loop 100, which comprises 
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a delay line 110 and a phase detector 120, receives a 
reference clock signal REF.CLK and drives an output clock 
signal 0_CLK. 

belay line 110 delays reference clock signal REF^CLK by 
a variable propagation delay D before providing output clock 
signal O.CLK. Thus, each clock edge of output clock signal 
0_CLK lags a corresponding clock edge of reference clock 
signal REF_CLK by propagation delay D (see Figure 2A) . 
Phase detector 120 controls delay line 110, as described 
below. Delay line 110 is capable of producing a xninimum 
propagation delay DJ/um and a maximum propagation delay 

Before output clock signal OjCLK reaches logic circuits 
190, output clock signal O^CLK is skewed by clock skew 180. 
Clock skew 180 can be caused by delays in various clock 
buffers (not' shown) or propagation delays on the clock 
signal line Ccurrying output clock signal O^CLK (e.g., due to 
heavy loading on the clock signal line) . To distinguish 
output clock signal 0_CLK from the skewed version of output 
clock signal 0_CLK, the skewed version is referred to as 
skewed clock signal S_CLK. Skewed clock signal S.CLK drives 
the clock input terminals (not shown) of the clocked 
circuits within logic circuits 190. Skewed clock signal 
S_CLK is also routed back to delay lock loop 100 on a 
feedback path 170. Typically, feedback path 170 is 
dedicated specifically to routing skewed clock signal S^CLK 
to delay lock loop 110. Therefore, any propagation delay on 
feedback i>ath 170 is minimal and causes only negligible 
skewing . 

Figure 2A provides a timing diagram of reference clock 
signal REF_CLK, output clock signal 0_CLK, and skewed clock 
signal S_CLK. All three clock signals have the same 
frequency F (not shown) and period P, and all are active- 
high (i.e., the rising edge is the active edge). Since 
output clock signal 0_CLK is delayed by propagation delay D, 
a clock edge 220 of output clock signal 0_CLK lags 
corresponding clock edge 210 of reference clock signal 
REF_CLK by propagation delay D. Similcurly, a clock edge 230 
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of skewed clock signal S_CLK lags corresponding clock edge 
220 of output clock signal 0_CLK by a propagation delay 
SKEW, which is the propagation delay caused by clock skew 
180 (Figure 1). Therefore, clock edge 230 of skewed clock 
5 signal SjCLK lags clock edge 210 of reference clock signal 

REF_CLK by a propagation delay DSKEW. which is equal to 
propagation delay D plus propagation delay SKEW. 

Delay lock loop 100 controls propagation delay D by 
controlling delay line 110. However, delay line 110 cannot 
10 create negative delay; therefore, clock edge 230 cannot be 

synchronized to clock edge 210. Fortunately, clock signals 
are periodic signals. Therefore, delay lock loop 100 can 
synchronize reference clock signal REF.CLK and skewed clock 
signal S_,CLK by further delaying output clock signal 0_CLK 
15 such that clock edge 240 of skewed clock signal S_CLK is 

synchronized with clock edge 210 of reference clock signal 
REFJCLK. As shown in Figure 2B, propagation delay D is 
adjusted so that propagation delay DSKEW is equal to period 
P. Specifically, delay line 110 is tuned so that 
20 propagation delay D is increased until propagation delay D 

equals period P minus propagation delay SKEW. Although 
propagation delay DSKEW could be increased to any multiple 
of period P to achieve synchronization, most delay lock 
loops do not include a delay line capable of creating such a 
25 large propagation delay. 

Phase detector 120 (Figure 1) controls delay line 110 
to regulate propagation delay D. The actual control 
mechanism for delay lock loop 100 can differ. For example, 
in one version of delay lock loop 100, delay line 110 starts 
30 with a propagation delay D equal to minimum propagation 

delay DJMIN, after power-on or reset. Phase detector 110 
then increases propagation delay D until reference clock 
signal REF_CLK is synchronized with skewed clock signal 
SjCLK. m another system, delay lock loop 100 starts with a 
35 propagation delay D equal to the average of miniimom 

propagation delay DJUN and maximum propagation delay D_MAX, 
after power-on or reset. Phase detector 120 then determines 
whether to increase or decrease (or neither) propagation 
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delay D to synchronize reference clock signal REF_CLK with 
skewed clock signal S_CLK. For exait^le, phase detector 120 
would increase propagation delay D for the clock signals 
depicted in Figure 2A. However, phase detector 120 would 
decrease propagation delay D for the clock signals depicted 

in Figure 2C. 

In Figure 2C, skewed clock signal S_CLK is said to 
"lag" reference clock signal REF_CLK, because the time 
between a rising edge of reference clock signal REF_CLK and 
the next rising edge of skewed clock signal S_CLK is less 
than the time between a rising edge of skewed clock signal 
SjCLK and the next rising edge of reference clock signal 
REF.CLK. However, in Figure 2A, reference clock signal 
REFjCLK is said to "lag" skewed clock signal S_CLK, because 
the time between a rising edge of skewed clock signal S^CIjK 
and the next rising edge of reference clock signal REF_CLK 
is less than the time between a rising edge of reference 
clock signal REF_CLK and the next rising clock edge of 
skewed clock signal S^CLK, Alternatively, in Figure 2A 
skewed clock signal S_CLK could be said to "lead" reference 
clock signal REF_CLK. 

• After synchronizing reference clock signal REF.CLK and 
skewed clock signal S_CLK, delay lock loop 100 monitors 
reference clock signal REF_CLK and skewed clock signal S.CLK 
and adjusts propagation delay D to maintain synchronization. 
For example, if propagation delay SKEW increases, perhaps 
caused by an increase in temperature, delay lock loop 100 
must decrease propagation delay D to compensate. 
Conversely, if propagation delay SKEW decreases, perhaps 
caused by a decrease in temperat\ire, delay lock loop 100 
must increase propagation delay D to compensate. The time 
in which delay lock loop 100 is attempting to first 
synchronize reference clock signal REF.CLK and skewed clock 
signal S_CLK, is referred to as lock acquisition. The time 
in which delay lock loop 100 is attempting to maintain 
synchronization is referred to as lock maintenance. The 
value of propagation delay D at the end of lock acquisition, 
i,e, when synchronization is initially established, is 
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delay D to synchronize reference clock signal REF.CLK with 
skewed clock signal S_CLK. For example, phase detector 120 
would increase propagation delay D for the clock signals 
depicted in Figure 2A. However, phase detector 120 would 
decrease propagation delay D for the clock signals depicted 
in Figure 2C. 

In Figure 2C, skewed clock signal S_CLK is said to 
"lag" reference clock signal REF_CLK, because the time 
between a rising edge of reference clock signal REF_CLK and 
the next rising edge of skewed clock signal S_CLK is less 
than the time between a rising edge of skewed clock signal 
S_CLK and the next rising edge of reference clock signal 
REF_CLK. However, in Figxare 2A, reference clock signal 
REF_CLK is said to "lag" skewed clock signal S_CLK, because 
the time between a rising edge of skewed clock signal S^CLK 
and the next rising edge of reference clock signal REF_CLK 
is less than the time between a rising edge of reference 
clock signal REF^CLK and the next rising clock edge of 
skewed clock signal S^CLK. Alternatively, in Figure 2A 
skewed clock signal S_CLK could be said to "lead" reference 
clock signal REF^CLK. 

After synchronizing reference clock signal REF.CLK and 
skewed clock signal S_CLK, delay lock loop 100 monitors 
reference clock signal REF^CLK and skewed clock signal S_CLK 
and adjusts propagation delay D to maintain synchronization. 
For example, if propagation delay SKEW increases, perhaps 
caused by an increase in temperature, delay lock loop 100 
must decrease propagation delay D to compensate. 
Conversely, if propagation delay SKEW decreases, perhaps 
caused by a decrease in temperature, delay lock loop 100 
must increase propagation delay D to compensate. The time 
in which delay lock loop 100 is attempting to first 
synchronize reference clock signal REF_CLK and skewed clock 
signal S.CLK, is referred to as lock acquisition. The time 
in which delay lock loop 100 is attempting to maintain 
synchronization is referred to as lock maintenance. The 
value of propagation delay D at the end of lock acquisition, 
i.e. when synchronization is initially established, is 
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referred to as initial propagation delay ID. 

However, as explained above, delay line 110 can only 
provide a propagation delay between a minimum propagation 
delay bjtllN and a maximum propagation delay DJMAX. During 
lock maintenance, delay lock loop 100 may lose 
synchronization if a propagation delay D smaller than 
minimum propagation delay DJMIN is required to maintain 
synchronization- Similarly, synchronization may be lost if 
a propagation delay D greater than maximum propagation delay 
DJIAX is required to maintain synchronization. 

For exaitple, if lock acquisition occurs while the 
system using delay lock loop 100 is at a very high 
temperature, delay lock loop 100 is likely to achieve 
synchronization with a very small initial propagation delay 
ID, since propagation delay SKEW is likely to be large with 
respect to period P. As the system's temperature increases 
further, propagation delay SKEW is likely to increase to a 
point where propagation delay SKEW plus minimum propagation 
delay D^IN is greater than period P, In this situation, 
delay lock loop 100 must undergo lock acquisition again, 
which may introduce glitches and noise into output clock 
signal 0_CLK, in turn causing glitches and noise in skewed 
clock signal S_CLK. For critical systems, such glitches are 
intolerable. Further, for systems designed for operation at 
multiple clock frequencies, low frequency operation is 
likely to compound the problems since clock period P is 
very long. Long clock periods may cause propagation delay D 
to vary over a wider time interval. Thus, there is a need 
for a delay lock loop which can maintain synchronization 
over a wide range of clock frequencies and environmental 
extremes • 

SVMWftRY QF Tm IMVBNTIQN 

The present invention provides a delay lock loop that 
synchronizes the reference clock signal with the skewed 
clock signal using a delay line having an initial 
propagation delay within a lock window. The lock window is 
a period of time between the minimum delay of the 
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propagation delay and the maximiizn propagation delay « The 
extent of the lock window is chosen to ensure that changes 
in environmental conditions or clock frequencies, when 
compensated for by chfiinging the propagation delay of the 
5 delay line, do not cause a loss of synchronization. A delay 

lock loop in accordcuace with one embodiment of the present 
invention incorporates a clock phase shifter in addition to 
the delay line to synchronize the reference clock. The 
increased flexibility provided by the clock phase shifter 

10 dramatically reduces the probability of losing clock 
synchronization during system operation. 

The delay line receives the reference clock signal from 
a reference input terminal of the delay lock loop. The 
output of the delay line (i.e., the delayed clock signal) is 

15 provided to the clock phase shifter, which can generate one 

or more phase-shifted clock signals. An output generator 
receives the delayed clock signal and the one or more phase- 
shifted clock signals. The output generator provides one of 
the clock signals as the output clock signal on an output 

20 terminal. A phase detector compares the reference clock 

signal with the skewed clock signal, which is received on a 
feedback input terminal of the delay lock loop, to determine 
whether to increase or decrease the propagation delay of the 
delay line to synchronize the reference clock signal and the 

25 skewed clock signal. 

One embodiment of the clock phase shifter generates N-1 
phase-shifted clock signals. Each of the phase-shifted 
clock signals is phase-shifted from the other N-2 clock 
signals and the delayed clock signal by 360/N degrees. For 

30 example, if the clock phase shifter generated 3 phase- 

shifted clock signals (i.e., N is equal to four), the phase- 
shifted clock signals would be phase-shifted from the 
delayed clock signal by 90 degrees, 180 degrees, and 270 
degrees. The clock phase shifter can be implemented using N 

35 delay lines and a phase detector. 

The delay lock loop can include a controller to control 
the delay line and the output generator. In one embodiment 
of the invention, the controller causes the output generator 



6 



wo 99/67882 PCT/US99/07775 
to drive the delayed clock signal as the output clock, "nie 
controller synchronizes the reference clock signal with the 
skewed clock signal by adjusting the propagation delay of 
the delay line to an initial delay. If the initial delay is 
not within the lock window, the controller causes the output 
generator to drive a first phase-shifted clock signal as the 
output signal. The controller and phase detector then 
synchronize the reference clock signal with the skewed clock 
signal by adjusting the propagation delay of the delay line 
to a second initial delay. If the second initial delay is 
not within the lock window, the controller causes the output 
generator to use a second phase-shifted clock signal as the 
output clock. The controller continues in this manner until 
an initial delay within the lock window is found. 

In another embodiment of the invention, the clock phase 
shifter is coupled to receive the reference clock signal. 
The clock phase shifter generates phase-shifted clock 
signals that are phase-shifted from the reference clock 
signals. The reference clock signal or one of the phase- 
shifted clock signals from the clock shifter is selected to 
be the input signal of the delay line. The delay line is 
controlled by the controller and the phase detector to delay 
the input clock signal and synchronize the skewed clock 
signal with the reference clock signal. 

Thus, the present invention provides delay lock loop 
circuits that can be used in IC devices and digital systems 
that must endure varying environmental conditions. The 
delay lock loop circuits of the present invention are well 
suited for low frequency applications. The present 
invention will be more fully understood in view of the 
following description cuid drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 is a block diagram of a system using a 
conventional delay lock loop. 

Figures 2A, 2B and 2C are timing diagrams for the 
system of Figure 1. 
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Figure 3 is a block diagram of a system using an 
embodiment of a delay lock loop in accordance with the 
present invention. 

Figure 4 is a timing diagram for the delay lock loop of 
5 Figure 3 . 

Figure 5 illustrates a lock window as used in 
accordance with one embodiment of the present invention. 

Figure 6 is a block diagram of an embodiment of a clock 
phase shifter in accordance with the present invention. 
10 Figure 7 is a block diagram of another embodiment of a 

clock phase shifter in accordance with the present 
invention. 

Figure 8 is a block diagram of an output generator in 
accordance with the present invention. 
15 Figure 9 is a state diagram for an embodiment of a 

controller in accordance with the present invention. 

Figure 10 is a block diagram of a system using another 
embodiment of a delay lock loop in accordance with the 
present invention. 

20 

DETAILED DESCRTPTION OF THE DRAWINGS 

Figure 3 is a block diagram of a system using a delay 
lock loop 300 in accordance with one embodiment of the 
present invention. Delay lock loop 300 coitprises a delay 

25 line 310, a clock phase shifter 350, a controller 330, an 

output generator 340, and a phase detector 320. Delay lock 
loop 300 receives reference clock signal REF_CLK on a 
reference input teritiinal 302 and generates output clock 
signal 0_CLK on output terminal 304. As explained above 

30 with respect to Figure 1, output clock signal 0_CLK is 
skewed by clock skew 180 into skewed clock signal S.CLK, 
which clocks logic circuits 190. Skewed clock signal S_CLK 
is also fed back to a feedback terminal 306 of delay lock 
loop 300 on feedback path 170. 

35 Within delay lock loop 300, reference clock signal 

REF_CLK is delayed by delay line 310 to generate delayed 
clock signal D_CLK. Delayed clock signal D_CLK is delayed 
from clock signal REF_CLK by a propagation delay D in delay 
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line 310, Adjustable delay lines can also be used with 
delay lock loop 300. Delayed clock signal D_CLK is provided 
to an input terminal of a clock phase shifter 350 and to an 
input terminal of an output generator 340. 

Clock phase shifter 350 generates one or more phase* 
shifted clock signals P_CLK^1 to P_CLKJN-1, where N is a 
positive integer. In one embodiment/ phase-shifted clock 
signal P_CLK_1 is phase-shifted by 360/N degrees from 
delayed clock signal D_CLK. Phase-shifted clock signal 
Pj:iiK_2 is phase-shifted by 2* (360/N) degrees. Phase- 
shifted clock signal P_CLK_N-1 is phase-shifted by 
(N-D* {360/N) degrees. Thus, in general a phase-shifted 
clock signal P.CL^Z is phase-shifted by Z* (360/N), where Z 
is an integer between 1 cuid (N-1) , inclusive. Delayed clock 
signal D_CLK can be considered a phase-shifted clock signal 
P.CLI^O since delayed clock signal D^CLK has a 0 degree 
phase shift from itself. Further, in some embodiments of 
delay lock loop 300, clock phase shifter 350 generates a 
phase-shifted signal P^CLKJN that has the same phase and 
frequency as delayed clock signal D_CLK. 

Hhus, in an embodiment of clock phase shifter 350 where 
N is equal to four, phase-shifted clock signal PjCLE^l is 
phase-shifted 90 degrees from delayed clock signal D.CLR. 
It logically follows that phase-shifted clock signal P.CIjI^2 
is phase-shifted by 180 degrees from delayed clock signal 
D_CLK and phase-shifted clock signal P_CLK_3 is phase- 
shifted by 270 degrees from delayed clock signal P_CLK. 
However, the principles of the present invention are also 
suitable for other embodiments of clock phase shifter 350 
using other patterns of phase shifting between the phase- 
shifted clock signals. 

Phase shifting is a concept in the frequency domain of 
a clock signal. The equivalent of phase shifting in the 
time domain is delaying the clock signal. Specifically, if 
a first clock signal is phase-shifted from a second clock 
signal by X degrees, the first clock signal is delayed by 
X*(P/360), where P is the period of the first and second 
clock signals. Thus, if phase-shifted clock signal P_CLI^1 
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is phase-shifted 90 degrees from delayed clock signal D_CLK, 
phase-shifted clock signal P_CLK_1 is delayed by one-fourth 
of the period of delayed clock signal D_CLK. To distinguish 
delays caused by phase shifting from other propagation 
5 delays, delays caused by phase shifting are referred to as 

phase-shifted delays PJlZ. Since a phase-shifted clock 
signal P_CLK_Z is phase-shifted by Z*(360/N) degrees, phase- 
shifted clock signal P_CLK_Z has a phase-shifted delay P_D_Z 
equal to Z*(P/N), where Z is an integer between 1 and (N-1) , 

10 inclusive. 

Figure 4 illustrates a timing diagram for delay lock 
loop 300 (Figure 3) wherein N equals 4, Specifically, clock 
phase shifter 350 generates phase-shifted clock signal 
P-CLiei 90 degrees out of phase with delayed clock signal 

15 D_CIiK. Thus, phase-shifted clock signal P-CLK_1 is delayed 

by one-fourth of clock period P. Clock phase shifter 350 
generates phase-shifted clock signal P_CLK_2 180 degrees out 
of phase with delayed clock signal D_CIiK. Thus, phase- 
shifted clock signal P_CrjK_2 is delayed by half of clock 

20 period P, Finally, clock phase shifter 350 generates phase- 

shifted clock signal P_CLK_3 270 degrees out of phase with 
delayed clock signal D_CLK. Thus, phase-shifted clock 
signal P_CIiK^3 is delayed by three- fourths of clock period 
P. 

25 Returning to Figure 3, clock phase shifter 350 provides 

the phase-shifted clock signals to various input terminals 
of output generator 340. In some embodiments of delay lock 
loop 300, clock phase shifter 350 can be configured using 
one or more configuration signals CFG on an optional 

30 configuration bus 360, An embodiment of clock phase shifter 

350 that is conf igtured by configxiration signals CFG is 
described below with respect to Figure 7. Configuration 
signals CFG are received on configuration terminals 308 and 
are routed to clock phase shifter 350 and controller 330 by 

35 configuration bus 360. Output generator 340 selects either 

delayed clock signal D_CLK or one of the phase-shifted clock 
signals to provide as output clock signal 0_CLK. For 
embodiments of delay lock loop 300 in which clock phase 
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shifter 350 provides phase-shifted clock signal P_CLKJT, 
output generator 340 can use phase-shifted clock signal 
PjCLKJN in place of delayed clock signal D_CLK. Controller 
330 controls output generator 340. 
5 Controller 330 receives phase information regarding 

reference clock signal REF_CLK cuad skewed clock signal S^CLK 
from phase detector 320. Specifically, phase detector 320 
informs controller 330 whether propagation delay D from 
delay line 310 should be increased or decreased to achieve 

1 0 synchronization of skewed clock signal S_CLK with reference 
clock signal REF.CLK. For en^diments of phase detector 320 
that only determine whether to increase or decrease 
propagation delay D, a jitter filter (not shown) can be used 
to reduce clock jitter. In one embodiment, the jitter 

16 filter is cui up/down counter (not shown) that decrements by 

one if propagation delay D should be decreased and 
increments by one if propagation delay D should be 
increased. However, propagation delay D is not adjusted 
until the up/down coiinter reaches 0 or some other 

20 predetermined nxuciber. Vlhen propagation delay D is adjusted, 
the up/down coxinter is reset to one-half the maximum value. 
In other embodiments, phase detector 320 calculates the 
amount propagation delay D should be increased or decreased. 
During lock acquisition, controller 330 attempts to 

25 synchronize skewed clock signal S_CLK with reference clock 

signal REF_CLK so that initial propagation delay ID of 
propagation delay D is within a lock window W. 

Figure 5 illustrates the concepts of lock window W. As 
explained above, propagation delay D must be between minimiun 

30 propagation delay D_MIN and maximum propagation delay DJ4AX. 

Typical values- for D_^IN and D_K2^ are 3.2 ncuioseconds and 
46.8 nanoseconds, respectively. During lock acquisition, 
controller 330 ensures that initial propagation delay ID of 
propagation delay D is within lock window W. Specifically, 

35 when synchronization is first established initial 

propagation delay ID must be between lock window minimum 
W_MIN and lock window maximum W_MAX. The limits on lock 
window W are set to guarantee that once delay lock loop 300 
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15 



20 



25 



30 



coinpletes locks acquisition, delay lock loop 300 ccin 
maintain synchronization as long as the system containing 
delay lock loop 300 operates within the design guidelines of 



For example, the system containing delay lock loop 300 
generally can operate in a range of operating conditions. 
The rsmge of operating conditions includes a mayiTniiTn extreme 
condition in which propagation delay SKEW is maximized at a 
propagation delay value SKEW_WAX. Similarly, the range of 
operating conditions also includes a minimum extreme 
condition in which propagation delay SKEW is minimized at a 
propagation delay value SKEWjmJ. Olius, the maximum change 
(DELTJL.SKEW) in propagation delay SKEW during operation of 
the system is equal to propagation delay value SKEW_J1AX 
minus propagation delay value SKEWJUN (i.e., DELTA_SKEW = 
SKEWJIAX - SKEW_MIN) . For maximum protection during lock 
maintenance, lock window minimum WJMIN can be equal to 
minimum propagation delay D_J1IN plus DELTA^SKEW. Similarly, 
lock window maximum W_J1AX can be equal to maximum 
propagation delay DJIAX minus DELTA^SKEW. In one embodiment 
of the present invention, lock window minimum WJUN is equal 
to approximately 16.5% of maximum propagation delay D.J1AX 
and lock window maximum W_HAX is equal to approximately 
67.8% of maximum propagation delay DJMAX. 

As explained above with respect to Figure 1, for a 
conventional delay lock loop synchronization of skewed clock 
signal S_CLK with reference clock signal REFjCLK is achieved 
when propagation delay D plus propagation delay SKEW is 
equal to a multiple of period P. in equation form: 



where MULT (P) refers to a multiple of P. Usually, the 
smallest multiple of P greater than SKEW is used. 

With delay lock loop 300, controller 330 can also use 
the delays from the phase-shifted clock signals. Thus delay 
lock loop 300 can achieve synchronization if propagation 
delay D plus a phase-shifted delay P_D from a phase-shifted 



the system. 



D + SKEW = MULT(P) 



(1) 
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clock signal plus propagation delay SKEW is a multiple of 
period P. In equation form: 

D + P.D_Z + SKEW = MULT(P) (2) 

5 

where P__D_Z refers to a phase-shifted delay from phase- 
shifted clock signal P_CLK_Z. Usually, the smallest 
multiple of P greater than propagation delay SKEW plus 
phase-shifted delay P.D.Z is used. As e3q>lained above with 

1 0 respect to Figvire 3 , in one embodiment of clock phase 

shifter 350 phase-shifted delay P_D_Z of a phase-shifted 
clock signal P.CLI^Z is equal to Z*(P/N), where Z is an 
integer between 0 and (N-1) , inclusive. If Z is equal to 0, 
controller 330 causes output generator 340 to use delayed 

15 clock signal D_CLK as output clock signal Q_CLK. Thus, 

phase-shifted delay P_D_0 is equal to 0. 

For clarity, initial delay ID can be referred to 
initial delay ID_0 if output generator 340 uses delayed 
clock signal D_CLK for output clock signal OjCLK. 

20 Similarly I initial delay ID can be referred to as initial 

delay ID_Z, if output generator 340 uses phase-shifted clock 
signal P_CLK_Z for output clock sigiial 0_CLK, where Z is a 
positive integer between 1 and (N-1), inclusive. Thus, at 
the end of lock acquisition, equation (2) can be rewritten 

25 as: 

ID_Z + P_D_Z + SKEW = MULT(P) (3) 
Re-arranging equation (3) provides: 

30 

. ID_Z = MULT(P) - SKEW - P_D_Z (4) 
and substituting Z*(P/N) for P_D_Z provides: 
35 ID_Z = MULT(P) - SKEW - Z* (P/N) (5) 
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Usually, the smallest multiple of P that results in a 
positive initial delay ID_Z is used. In situations where 
initial delay ID_Z is less than minimum propagation delay 
PJIIN or greater than maximum propagation delay D_MAX, delay 
lock loop 300 cannot synchronize skewed clock signal S_CLK 
with reference clock signal REF.CLK using phase-shifted 
clock signal P_CIjK_Z. 

Because controller 330 can select any one of phase- 
shifted clock signals P_CLK_Z to drive output clock signal 
0_CLK, controller 330 can select from N initial delay 
values. The possible initial delay values range from a 
minimum offset value ( MULT(P) - SKEW ) to a maximimi value { 
MOLT(P) - SKEW + (N-1)/(N * period P) ). The difference 
between each initial delay value is period P divided hy U. 
For example, if N equals four, period P equals 40 
nanoseconds, and propagation delay SKEW equals 25 
nanoseconds; then initial delays ID_0, ID_1, 1DJ2, and ID_3 
equal 15 nanoseconds, 5 nanoseconds, 35 nanoseconds, and 25 
nanoseconds, respectively (as calculated using equation 
(5)). If N equals four, period P equals 40 nanoseconds, and 
propagation delay SKEW equals 55 nanoseconds; then initial 
delays ID_0, ID_1, ID_2, and ID_3 equal 25 nanoseconds, 15 
nanoseconds, 5 nemoseconds, and 35 nanoseconds, 
respectively. Thus, controller 330 is likely to find one or 
more initial delay values within lock window W. If more 
than one initial delay value is within lock window W, 
controller 330 can select any one of the initial delay 
values within lock window W. 

Some embodiments of controller 330 can perform the 
calculations described above to determine which phase- 
shifted clock signal P_CLIL.Z to use. However, other 
embodiments use trial and error to determine which phase- 
shifted clock signal P^CLI^Z to use. An embodiment of 
controller 330 that uses trial and error is described below 
with respect to Figure 9. 

Figure 6 illustrates one embodiment of clock phase 
shifter 350 of Figure 3. The embodiment of clock phase 
shifter 350 in Figure 6 comprises a phase detector 620 and a 
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plurality of delay lines 610_1 to 610_N. Delay lines 610_1 
to 610_N are coupled in series. The input terminal of delay 
line 610_1 receives an input clock signal such as delayed 
clock signal D_CLK (Figure 3). The output tentiinal of delay 
line 610_N is coupled to an input terminal of phase detector 
620. Phase detector 620 also receives input clock signal 
P_CLK on another input terminal. Phase detector 620 
controls all the delay lines in parallel via control line 
625, and each delay line provides the same amount of 
propagation delay. Consequently, input clock signal D_CLK 
and the clock signal P_CIiK-N on the output terminal of delay 
line 610_N are synchronized, i.e., in phase. Further, phase 
detector 620 causes the total propagation delay generated by 
delay lines 610_1 to 610JJ to be equal to one period P of 
the input clock. Thus, each delay line provides a 
propagation delay of P/N. Thus, the output terminal of 
delay line 610_1 provides a clock signal that is delayed 
from the input clock signal by p/N whereas the output 
terminal of delay line 610_2 provides a clock signal that is 
delayed from the input clock signal by 2*P/N. In general, 
the output terminal of delay line 610_Z provides a clock 
signal that is delayed from the input clock signal by Z*P/N, 
where Z is an integer between 1 and N-1, inclusive. 
Accordingly, if the input clock signal is delayed clock 
signal D_CLK, the output terminals of delay lines 610_1 to 
610JN-1 provide phase-shifted clock signals P_CLK_1 to 
P_CLK_N-1, respectively. Some embodiments of clock phase 
shifter 350 also generate a clock signal P_CIiK_N on the 
output terminal of delay line 610_N that has the same phase 
as delayed clock signal D.CLK. 

Figure 7 shows a configurable embodiment of clock phase 
shifter 350 of Figure 3. Specifically, the clock phase 
shifter of Fig\ire 7 can be configured in a first mode to 
produce three phase-shifted clock signals that are 90 
degrees, 180 degrees, and 270 degrees out of phase with an 
input clock signal. In a second mode, the clock phase 
shifter of Figure 7 produces a single phase-shifted clock 
signal that is 180 degrees out of phase with the input clock 
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terminals of delay lines 710_2 and 710_4 to ground reduces 
power consumption and switching noise. However, in the 
second mode the embodiment of Figure 7 produces only one 
output clock signal, which is 180 degrees out of phase with 
the input clock signal and is generated at the output 
terminal of multiplexer 730_2. 

Figure 8 shows one embodiment of output generator 340 
of Figure 3. The output generator of Figure 8 con^rises an 
N-input multiplexer 810. N- input multiplexer 810 has N 
input terminals, referenced as 810_0 to 810JN-1, select 
terminals 812, and an output terminal 814. When the 
embodiment of output generator 340 of Figxxre 8 is used in 
delay lock loop 300 of Figure 3, select terminals 812 are 
coupled to controller 330, input terminal 810_0 is coupled 
to receive delayed clock signal D_CLK, output terminal 814 
provides output clock signal 0_CLK, and input terminals 
810_1 to 810JNr-l are coupled to receive phase-shifted clock 
signals P_CLK.l to P_CLK_N-1, respectively. Select signals 
on select terminals 812 determine which input signal is 
provided on output terminal 814. Other embodiments of 
output generator 340 may include additional circuitry, such 
as clock buffers and clock dividers. In addition, some 
embodiments of output generator 340 drive additional clock 
signals, such as Veurious versions of the phase-shifted clock 
signals . 

Figure 9 shows a state diagram 900 for one embodiment 
of controller 330 of Figure 3. On power-up or reset, 
controller 330 transitions to reset stage 910. In reset 
stage 910, controller 330 sets a phase counter (not shown) 
to zero, which causes output generator 340 to provide 
delayed clock signal D^CLK as output clock signal O^CLK, and 
adjusts propagation delay D of delay line 310 (Figure 3) to 
a starting delay value. Starting delay values for 
propagation delay D include, for example, minimum 
propagation delay D_MIN, maximum propagation delay DJCOC, or 
the average of minimum propagation delay D_MIN and maximvun 
propagation delay DJMAX. Controller 910 then transitions to 
lock acquisition stage 920. 
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In lock acquisition stage 920, controller 330 
synchronizes reference clock signal REF_CLK and skewed clock 
signal S_CLK. Specifically, controller 330 adjusts 
propagation delay D of delay line 310 based on signals from 
phase detector 320. Phase detector 320 deteziaines whether 
propagation delay D must be increased or decreased to 
synchronize skewed clock signal S_CLK with reference clock 
signal REF_CLK. Lock acquisition is described above in 
greater detail with respect to Figures 3-6; therefore, the 
description is not r^eated. In some embodiments, clock 
phase shifter 350 is also reset by the power-on/reset 
signal. For some of these embodiments, controller 330 does 
not adjust propagation delay D until after clock phase 
shifter 350 produces phase-shifted clock signals P_CIiK-l to 
P~CliK_N-l. If controller 330 cannot synchronize skewed 
clock signal S^CLK with reference clock signal REF^CLK, 
controller 330 transitions to increment phase stage 950, 
described below. Otherwise, controller 330 transitions to 
check lock window stage 930 after controller 330 
synchronizes skewed clock signal S_CLK with reference clock 
signal REF_CLK (with an initial propagation delay ID in 
delay line 310) . 

In check lock window stage 930, controller 330 must 
determine whether initial propagation delay ID is within 
lock window W. Specifically, propagation delay ID is within 
lock window W if propagation delay ID is greater than lock 
window minimum WJMIN and less than lock window maximum 
VLHAX. If initial propagation delay ID is not within lock 
window W, controller 330 transitions to increment phase 
stage 950. Otherwise, controller 330 transitions to lock 
maintenance stage 940. 

In lock maintenance stage 940, controller 330 adjust 
propagation delay D of delay line 310 to maintain 
synchronization of skewed clock signal S^CLK with reference 
clock signal REF_CLK. Lock maintenance is described above 
in greater detail; therefore, the description is not 
repeated. As described above, the present invention can 
maintain lock throughout the systems environment conditions. 
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Therefore, controller 330 remains in lock maintenance stage 
940 unless a reset occtirs that causes controller 330 to 
transition to reset stage 910. 

In increment phase stage 950, controller 330 increments 
the phase counter, which causes output generator 340 to 
select a different phase-shifted clock signal. Further, 
controller 330 resets delay line 310 so that propagation 
delay D returns to the starting delay value used in reset 
stage 910. Controller 330 then transitions to lock 
acquisition stage 920 and proceeds as described above. 

Figtire 10 is a block diagram of another embodiment of 
delay lock loop 300. The embodiment of Figure 10 uses the 
same principles as described above with respect to the 
embodiment of Figure 3. However, in the embodiment of 
Figure 10, clock phase shifter 350 generates phase-shifted 
clock signals P^CLiei to P_CLKLJT-1 using reference clock 
signal REF_CLK. Reference clock signal REF_CLK and phase- 
shifted clock signals P_CLK.l to P_CLK_N-1 are coupled to an 
ix^ut selector 1040. Input selector 1040 selects either 
reference clock signal REF^CLK or one of phase-shifted clock 
signals P_CLK_1 to FJZUU^-l as a delay line input clock 
signal DLI_CLK, which is provided to the input terminal of 
delay line 310. Delay line 310 drives output clock signal 
0_CLK. A controller 1030 controls input selector 10^0 and 
delay line 310 based on the phase information provided by 
phase detector 320 so that delay line 310 provides a 
propagation delay D that synchronizes skewed clock signal 
S_CLK with reference clock signal REF.CLK. Input selector 
1040 can be implemented using the same circuit design as 
output generator 340. 

In the various embodiments of the present invention, 
novel structures have been described for delay lock loops. 
By using a clock phaise shifter to provide propagation delays 
proportional to the period of a clock signal, the present 
invention can provide clock signal control of the initial 
propagation delay at lock acquisition. By accepting only 
initial propagation delays within a lock window, the present 
invention can maintain synchronization of the clock signals 



19 




wo 99/67882 PCT/US99/07775 

over the entire range of environmental conditions of a 
system using the present invention. Further, since the 
clock phase shifter provides propagation delays proportional 
to the period of the clock signal, the present invention is 
5 applicable to systems using both high and low frequency 

clock signals. In addition, the delay lock loop of the 
present invention can be implemented with purely digital 
circuits that can be completely incorporated on a single 
silicon chip such as an FPGA, a DSP chip, or a 

1 0 microprocessor . 

The various embodiments of the structures and methods 
of this invention that are described above are illustfrative 
only of the principles of this invention and eire not 
intended to limit the scope of the invention to the 

15 particular embodiments described. For exan^le, in view of 

this disclosure those skilled in the art can define other 
clock phase shifters, delay lines, output generators, 
controllers, phase detectors, and so forth, and use these 
alternative features to create a method, circuit, or system 

20 according to the principles of this invention. Thus, the 
invention is limited only by the following claims. 
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CLAIMS 

What is claimed is: 



1. A delay lock loop (DLL) circuit having a reference input 
5 terminal, a feedback input terminal, and an output terminal, 

the DLL circuit coir5)rising: 

a first delay line coupled to the reference input 
terminal; 

a clock phase shifter coupled to the first delay line; 
10 a output generator coupled to the output terminal of 

the DLL circuit, the first delay line, and the clock phase 
shifter; and 

a first phase detector coupled to the feedback input 
terminal, the reference input terminal and the first delay 
1 5 line . 

2. The DLL circuit of Claim 1, wherein the clock phase 
shifter generates a plurality of (N-1) phase-shifted clock 
signals with each of the phase-shifted clock signals phase- 

20 shifted by 360/N degrees from another phase-shifted clock 

signal within the plurality of phase-shifted clock signals. 

3. The DLL circuit of Claim 1, wherein the output generator 
is coupled to the first delay line through the clock phase 

25 shifter. 

4. The DLL circuit of Claim 1, further comprising a 
controller coupled to the output generator £uid coupled 
between the first delay line and the phase detector, 

30 wherein: 

the delay line provides a propagation delay for a first 
clock signal on the reference input terminal; 

the controller decreases the propagation delay if a 
second clock signal on the feedback input terminal lags the 
35 first clock signal; and 

the controller increases the propagation delay if the 
first clock signal lags the second clock signal. 
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5. The DLL circuit of Claim 1, wherein the clock phase 
shifter coirprises: 

a second delay line having 

an input terminal coupled to the first delay 
5 line and 

an output terminal; 
a third delay line having 

an input tisrminal coupled to the output 
terminal of the second delay line and 
10 an output terminal ; eind 

a second phase detector controlling the second delay 
line and the third delay line, the second phase detector 
having a first input terminal coupled to the first delay 
line and a second input terminal coupled to the output 
15 terminal of the third delay line. 

6. The DLL circuit of Claim 5, wherein the input terminal 
of the third delay line is coupled to the output terminal of 
the second delay line through a fourth delay line. 

20 

7. The DLL circuit of Claim 5, wherein: 

the input terminal of the third delay line is coupled 
to the output terminal of the second delay line through a 
fourth delay line, a fifth, delay line, a first multiplexer, 
25 a second multiplexer, and a third multiplexer; and 

the second input terminal of the second phase detector 
is coupled to the output terminal of the third delay line 
through a fourth multiplexer. 
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8. The DLL circuit of Claim 1, wherein: 

the first multiplexer has a first input terminal 

coupled to the output terminal of the second delay line, a 

second input terminal coupled to ground, and an output 
5 terminal ; 

the fourth delay line has an input terminal coupled- to 

the output terminal of the first multiplexer, and an output 

terminal ; 

the second multiplexer has a first input terminal 
10 coupled to the output terminal of the fourth delay line, a 

second input terminal coupled to the output terminal of the 
second delay line, and an output terminal; 

the fifth delay line has an input terminal coupled to 
the output terminal of the second multiplexer, and an output 
1 5 terminal ; 

the third multiplexer has a first input terminal 
coupled to the output terminal of the fifth delay line, a 
second input terminal coupled to ground « and cui output 
terminal coupled to the input terminal of the third delay 
20 linie; and 

the fo\irth multiplexer has a first input terminal 
coupled to the output terminal of the third delay line, a 
• second input terminal coupled to the output terminal of the 
fifth delay line, and an output terminal coupled to the 
25 second input terminal of the second phase detector. 
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